The frontal lobe hypothesis of age-related cognitive decline suggests that the deterioration of the prefrontal cortical regions that occurs with aging leads to executive function deficits. Photobiomodulation (PBM) is a newly developed, noninvasive technique for enhancing brain function, which has shown promising effects on cognitive function in both animals and humans. This randomized, shamcontrolled study sought to examine the effects of PBM on the frontal brain function of older adults. 
| INTRODUCTION
The frontal lobe hypothesis suggests that the cognitive deficits in older adults are mainly related to the anatomical and functional deterioration of the prefrontal cortical regions of the brain. 1, 2 Studies on the neurobiological changes in older adults have shown that these individuals exhibit significantly greater reductions in cortical volume, 3 greater neuronal atrophy 4 and synapse loss, 5 and more senile plaques 6 in the prefrontal lobe than in other regions of the brain. Consistent with these structural changes in the prefrontal regions of the brain, most of the cognitive deficits that are associated with aging are in executive function (EF), which is mediated by the frontal lobe. 7 Specifically, EF refers to a set of administrative and decision-making abilities that are important for behavior, namely the planning and initiation of actions, selection of relevant information, inhibition of irrelevant information, and flexible thinking. Empirical evidence has shown that compared with younger adults, older adults perform less well on some standardized neuropsychological tests of EF, such as the Wisconsin Card Sorting Test 8 and the verbal fluency test. [9] [10] [11] To identify the EF deficits in older adults, several experimental computerized paradigms have been employed, including the divided attention, 12 n-back, 13, 14 and Eriksen flanker tests. 15, 16 Prior studies have shown that deficits in some aspects of EF, especially inhibition and mental flexibility, can predict subsequent global cognitive decline, 17 future falls, 18, 19 and poor functional status 20 in healthy older adults without dementia. Thus, training procedures or interventions that can effectively improve these frontal functions are clinically important.
Photobiomodulation (PBM) is a newly developed, noninvasive
interventional technique that has been found to exert positive effects on cognitive function according to both animal [21] [22] [23] and human [24] [25] [26] studies. The mechanism of PBM is based on bioenergetics, photochemistry, and photobiology. Specific molecules inside the neurons absorb the photons and change the rate of metabolic reactions within the cells, ultimately activating signaling pathways and transcription factors. 27 The primary molecular photoacceptor of red and nearinfrared light is cytochrome c oxidase, which is a key enzyme in the mitochondrial respiratory chain. [28] [29] [30] [31] Photon absorption increases oxygen consumption, 32 leading to increased oxidative phosphorylation and mitochondrial activity. 33 In turn, more adenosine triphosphate is synthesized, 32 thus providing extra metabolic energy for neural transduction. 34 Cerebral blood flow is increased due to the vasodilation that occurs after the release of nitric oxide. 35 The increased adenosine triphosphate and cerebral blood flow work together to enhance brain function. [36] [37] [38] This mechanism is supported by previously reported animal experiments, which identified increases in cytochrome c oxidase and metabolic capacity following PBM. 37, 39, 40 Other studies using various mouse models showed that PBM effectively provided neuroprotection, 41, 42 improved memory function, 43 and reduced brain tissue loss.
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The abovementioned neuroenhancement effects of PBM have also been found in humans. 
| Participants
The study sample consisted of 30 older adults (≥60 years) without dementia, who were recruited through campus advertisements and the subject database of the neuropsychology laboratory at the Department of Psychology of The Chinese University of Hong Kong.
The older adults were initially screened by a research assistant and excluded if they had a history of traumatic head injury or any neurological and/or psychiatric disorders. In addition, participants were excluded from the present study if they exhibited signs of dementia, as indicated by a total raw score <112 on the Chinese version of the Dementia Rating Scale (CDRS), 56 or a high level of depression, as indicated by a total score >7 on the Chinese version of the Geriatric Depression Scale (CGDS). 57 All participants had normal or correctedto-normal vision during the experiment. Each older adult was paid 100 HKD for participating in this study. The study was conducted in accordance with the Helsinki Declaration of the World Medical Asso- Committee. All participants provided written informed consent.
| Procedure
Participants were assigned randomly to either the experimental group Administration-cleared for home treatment, 2005). In the present study, the three LED cluster heads were placed on the participant's head. According to the International 10-20 system, 60 two cluster heads were fixed to the left (Fp1) and right (Fp2) frontopolar regions, while the remaining cluster head was fixed to Pz.
During the PBM administration, participants were instructed to keep their eyes closed and sit still in an office chair. They were also asked to wear a pair of eye protection glasses. In the experimental group, PBM consisting of 20 J/cm 2 and a total energy dose of 1349 J was applied simultaneously at each cluster LED head to the head of the participants by the three LED cluster heads. In the control group, the PBM device was turned off before the application of light.
We arranged for the device to beep before it was turned off to give the control participants the impression that the device was operating.
All participants were blinded to their group assignment. None of the participants reported any adverse side effects. The duration of the PBM administration was 7.5 minutes.
Before and after PBM, participants performed computerized assessments of frontal function. The experimental procedure and head setup are illustrated in Figure 1 . The sections below describe the details of each test.
| Tests

| Modified Eriksen flanker test
We employed a modified arrow version of the Eriksen flanker test 50 to measure inhibition ability and selective attention. To increase the degree of conflict induced by flanker stimuli, the task was modified such that the flanker stimuli (ie, "<< <<" or ">> >>") were always presented 200 milliseconds before the central target was observed (ie, ">" or "<"). 
| Category fluency test
The category fluency test is a widely used frontal lobe test that requires the controlled retrieval of lexical/semantic information. In the present study, participants were instructed to generate as many words belonging to a given category as possible within a time limit of 1 minute. Participants were also asked to avoid repetitions. Two categories were employed for word selection: The first category was "animals," and the second category was "means of transportation." 64 The total number of animal and transportation words produced was calculated for each individual.
| Simple RT test
A simple RT test, adapted from previous studies, 44 was employed as a control task for response speed. It consisted of 40 trials in total. On each trial, a white plus sign (+) was presented for 1000 milliseconds against a black background at the center of a computer screen. Participants were instructed to respond by clicking the left button of a computer mouse as fast as possible upon stimulus presentation. The valid response period was 1000 milliseconds. The stimulus presentation was followed by an ISI of 2 to 10 seconds that increased in 2-second steps, during which a blank screen was presented. There were eight trials for each ISI, and the ISI order was pseudorandomized for each individual. The primary dependent variable was the mean RT.
| Data analysis
The demographic and clinical characteristics (except for gender)
and neuropsychological test scores were compared between the experimental and control groups using independent sample t tests (two-tailed). Gender was compared using a chi-squared test.
Next, participants' scores on the frontal function assessments that were performed before and after PBM were analyzed. To calculate the mean RT on the flanker and simple RT tests, incorrect trials and correct trials with a RT <150 milliseconds or three standard deviations above the respective group mean were excluded. To check whether the experimental and control groups differed before PBM, independent sample t tests were first performed to compare the pre-PBM test scores between the groups. Then, to compare the changes in test scores from before to after PBM between the two groups, repeated measures analyses of variance (ANOVAs), with time (pre-PBM, post-PBM) as the within-subject factor and group (experimental, control)
as the between-subject factor, were conducted on the dependent variables (eg, mean RT, accuracy). Paired sample t tests (two-tailed) were then used to evaluate the changes in test scores from before to after PBM in the experimental and control groups separately.
All statistical analyses were performed using SPSS 24.0 software (IBM Corporation, Armonk, NY, USA). Because all statistical tests were planned, the significance level was set at P < 0.05 for all tests.
| RESULTS
| Demographic characteristics, neuropsychological functioning, and mood state
The demographics, clinical characteristics, and neuropsychological assessment scores of the experimental and control groups, as well as the related statistics, are presented in Table 2 . No significant differences in age, gender, handedness, or years of education were identified between the groups (Ps > 0.092). Furthermore, no significant group differences in the neuropsychological measures, including the HKLLT trial 3 recall and 10-minute delayed recall scores and the total raw score of the CDRS, were observed (Ps > 0. 49) . No group differences in the levels of depressive and anxiety symptoms, as indicated by the CGDS and BAI scores, respectively, were identified (Ps > 0.18).
| Performance on the modified Eriksen flanker test
We first analyzed the congruent condition of the flanker test 
| Performance on the category fluency test
The category fluency test was employed to test mental flexibility.
Before PBM, no significant group difference in the total number of unique words produced during the category fluency test was identi- number of unique words produced is shown in Figure 3 . In summary, older adults generated significantly more examples within a category only after receiving PBM. These findings again suggest that PBM enhances flexible thinking and facilitates frontal function.
| DISCUSSION
The present study examined the effectiveness of a 7.5-minute session of PBM to improve frontal function in older adults without dementia.
Our results showed improved action selection and inhibition ability, as rule-based learning, but not information-integration learning, is improved after PBM. 77 This result provides some initial evidences in the specificity of the effects of PBM and highlights the clinical use of PBM, since rule-based category learning is impaired among elderly. 78 Finally, our sample size was relatively small, and most of the participants were females. Further investigations with larger sample sizes and more-balanced gender distributions are required.
| CONCLUSION
In conclusion, the present study demonstrated that a single session of PBM specifically improved certain aspects of frontal function in older adults without dementia. Because a decline in frontal function may predict a subsequent decline in general cognitive function and future
FIGURE 3
Percentage change in the total number of unique words generated during the category fluency test after photobiomodulation (PBM). An independent sample t test showed a significantly larger percentage change in the experimental group than in the control group (t = 2.28, P = 0.030, d = 0.83). The error bars represent one standard error. *P < 0.05 functional deterioration, [17] [18] [19] [20] PBM may serve as a potential neuroprotective agent for maintaining or improving cognitive function in older adults. Such neuroprotective approaches are becoming essential,
given that the average age of the overall population continues to increase in recent decades. 
